This paper presents the design evolution of the sensing and force-feedback exoskeleton robotic (SAFER) glove with application to hand rehabilitation. The hand grasping rehabilitation system is designed to gather kinematic and force information from the human hand and then playback the motion to assist a user in common hand grasping movements, such as grasping a bottle of water. Grasping experiments were conducted where fingertip contact forces were measured by the SAFER glove. These forces were then modeled based on a machine learning approach to obtain the learned contact force distributions. Using these distributions, fingertip force trajectories were generated with a Gaussian mixture regression (GMR) method. To demonstrate the glove's effectiveness to manipulate the hand, experiments were performed using the glove to demonstrate grasping capabilities on several objects. Instead of defining a grasping force, contact force trajectories were used to control the SAFER glove in order to actuate a user's hand while carrying out a learned grasping task.
Introduction
Significant work has been presented in the field of haptic gloves, particularly in the application of rehabilitation [1, 2] . However, many challenges persist within this field in comparison to well-developed force-feedback rehabilitation devices for larger body areas such as upper [3, 4] and lower limbs [5, 6] due to the hand's smaller size and rich sensing and motion capabilities [7] .
Haptic gloves (that are capable of generating force) for rehabilitation are still in an early stage of development and they have yet to be commonly used in clinical applications [1] . The two major types of haptic gloves could be categorized based on their means of attachment as: (1) body-based/portable haptic gloves [8] [9] [10] [11] [12] [13] [14] [15] and (2) ground-based haptic gloves [16] [17] [18] [19] [20] [21] .
In the case of portable haptic gloves, they fit over the user's hand and are capable of a wide range of motion in comparison to the ground-based devices. In addition, they can measure and actuate the fingers' motion more easily since they are more kinematically similar to human hands. However, the glove's excessive weight becomes an issue due to fatigue caused by prolonged use that can cause pain in the user's limbs. Unlike portable haptic gloves, ground-based devices are fixed and designed to be used while the user is sitting. Thus, the user's range of motion is limited when compared to portable haptic gloves. Other work in hand rehabilitation devices also includes soft gloves with cable and fluidic actuators [22] [23] [24] .
The design of a self-contained body-based robotic haptic exoskeleton glove (SAFER) was previously demonstrated to measure the user's hand motion and assist hand motion while remaining portable and lightweight [25] [26] [27] . The exoskeleton glove comprises an articulated five-finger mechanism with each finger actuated with miniature DC motors using antagonistically routed cables at the finger, which act as both active and passive force actuators. The five-finger mechanism mounts over the dorsum of a bare hand and is easily adapted to fit to a wide variety of finger sizes without constraining the fingers' range of motion while providing haptic force feedback to each finger. The glove system is able to accurately and comfortably track the complex motion of the fingers related to common movements of hand functions.
The main contribution of this paper over Ref. [27] is the detailed consideration of the system's design evolution and the mechanism/hardware design aspects, which is supplemented by an application of the latest design generation for a hand rehabilitation learning system. The hand rehabilitation learning system is capable of learning patterns from recorded fingertip motion and contact force data so that the glove can then assist the user to grasp different objects. The paper is organized as follows: Section 2 introduces the SAFER glove system and its design evolution. Section 3 provides an overview of the rehabilitation learning system. Section 4 discusses how each module of the system is implemented with the glove system. Section 5 describes preliminarily experiments to evaluate the proposed system. Section 6 provides the conclusions and future work.
2 Glove Mechanism System Design 2.1 Mechanical Design. The five-fingered haptic glove is a portable sensing/actuating system that fits on a bare hand and is attached to the finger tips as shown in Fig. 1 . In order to lighten and simplify the device, the movements of the metacarpophalangeal, proximal interphalangeal, and distal interphalangeal joints of each finger are coupled together with one actuator module. The actuator unit consists of a brushed DC motor. The speed of the finger motion can be adjusted for the needed application. Cable transmission is chosen because it can provide adequate power through narrow pathways and allow the actuator to be located away from the dexterous fingers. Therefore, two Dyneema V R cables are attached to the pulley and routed along the exoskeleton to the fingertip. Bidirectional force control is enabled by antagonistically actuating the two cables, thereby transferring this force along the exoskeleton to the fingertip.
The components of the five-fingered glove form a series of three linkages over each individual finger. For safety, the mechanism limits the range of motion of the fingers and the thumb. Due to the unusual geometry of the thumb joint and its large workspace, the three linkage design is not possible to comfortably and repeatedly secure an exoskeleton mechanism to the thumb's proximal link. Thus, one more link was added to the thumb base to decouple off-axis movements. More information on the design details is available in Ref. [26] .
Kinematics of the Compound Hand-Mechanism
System. Figure 2 (a) illustrates the side view of a hand with the SAFER glove mechanism in a bent configuration. For each finger, the haptic mechanism and the finger itself can be modeled as a single six-bar mechanism, as shown in Fig. 2(b) , where the hand/ support pad represents the ground link. Each finger consists of three links, and the haptic mechanism for each finger consists of three links as well. However, the terminal link of each finger is rigidly connected to the terminal link of the haptic mechanism. Therefore, there are six links in total (including one ground link) and six revolute pin connections. Based on Fig. 2(b) , the fingertip position can be found in terms of the mechanism joint angles (a 1 , a 2 , and a 3 ). If the mechanism joint angles a i are measured and finger lengths l i are known, the exact finger position can be calculated. More details on the kinematics analyses are available in Ref. [26] .
2.3 Workspace of the Compound Hand-Mechanism System. The size and shape of human fingers may vary between individuals and among different fingers for each person. To meet universal needs in a cost-effective manner, it is desirable to accommodate a large number of users by using a single and adaptable design. Through study of anthropomorphic data and optimization analysis [26] , optimum linkage lengths were selected for each link of the glove mechanism. Because a single actuator drives the three links, this property not only makes the glove simpler and lighter, but it also allows the finger mechanism to be selfadapting to variations in finger sizes.
Figures 3(a) and 3(b) illustrate that the finger workspace is a subset of the mechanism's workspace for both index and thumb fingers, thereby ensuring the glove allows unimpeded finger motion. This means that the new mechanism design should ideally cover the hand's entire workspace.
Design
Generations of the SAFER Glove. In the past 3 years, three generations of the SAFER glove system were developed based on a similar design concept. Figure 4 shows all three design generations worn on a hand from both front and back views. The main differences of these design generations are summarized in Table 1 .
The worm-gear motor that was used in the first generation provides up to 35 N passive force feedback due to its nonback drivable feature, but the backlash of the worm-gear introduced slow mechanical response [15] . Therefore, the worm-gear motor was replaced by miniature DC motors with high reduction ratio in subsequent design generations.
The printed circuit board (PCB) links in the current design serve not only as the electrical components carrier but also as mechanical links, which greatly reduced the weight of the system, but also reduced the maximum output force due to the limited mechanical strength of the PCB material. Thus, in the third design generation, the links' material was changed to aluminum in order to increase the strength and thereby increasing the allowable active force output from 10 N to 15 N on the account of slightly increasing the weight of the glove system.
In the second design generation, the strain gauge sensor used can accurately measure the contact force, but in order to accommodate the sensor, the fingertip links were made of 3D printed parts, which were difficult to adapt to different finger sizes. Thus, in the third design generation, force sensing resistors (FSR) were used to measure the contact force due to its advantages, which include low cost, small thickness, and flexibility. The drawback with using FSR was that the user could not feel the tactile information from the object because the sensor was placed between the fingertip and the object. Apart from these variations, the mechanical design of all three generations is almost identical.
3 The Proposed Rehabilitation Learning System 3.1 Rehabilitation System Overview. A preliminary grasping learning and rehabilitation system is proposed that is capable of measuring and learning from human grasping to provide rehabilitation functions to the user. The overview of the system is shown in Fig. 5 consisting of four main components: the demonstration procedure, the SAFER glove system, the machine learning algorithm, and the rehabilitation procedure. The main components of the whole system are the SAFER glove and the learning algorithm. During the grasping procedure demonstration, the SAFER glove measures both motion and contact force information in the grasping procedure demonstration. The captured motion and force data from the procedures are used to train a Gaussian mixture model (GMM) [28] , which represents the joint distribution of the data. The learned motion and force information are then mapped to the SAFER glove to actuate a wooden hand (or user) to generate proper motions and force to accomplish the learned tasks. The user can watch and manipulate the virtual hand and objects in a head-mounted device in 3D using the graphical user interface (GUI).
The grasping motion replication process from the collected demonstration data is divided into four stages: (a) record the demonstration procedure for common grip and release patterns; (2) process and align the motion and force sequences from different trials using a dynamic time warping (DTW) method [29] ; (3) encode the processed demonstration sequences using GMM (a machine learning approach); and (4) generate the motion and force sequences from the GMM by GMR to produce learning results that are then applied on the glove to reproduce grasping motions.
Description of the Hand Exoskeleton Mechanism.
The articulated finger mechanism provides flexion/extension and abduction/adduction at the proximal joint, and the glove mechanism configuration (Fig. 6 ) allows the glove mechanism to adapt to different finger sizes. Miniature DC motors with high reduction ratio and an antagonistically routed cable mechanism at each finger are used as both active and passive force display actuators. This design minimizes the size and weight of the mechanism while maximizing its workspace and force output range of the glove. Since all necessary components are lightweight and contained inside the glove, the user can move each finger freely without being tethered or feeling fatigued.
To address the workspace challenge such that the human operator's motion is not restricted by the haptic device, a multilink mechanism was chosen based on this reasoning because it is more suitable for multiple finger inputs and has a larger workspace [25, 26] . By analyzing anthropomorphic data and optimization analysis [30] , optimum linkage lengths were selected for each link of the glove mechanism. As a result, the new mechanism design can ideally cover most of the finger's workspace. In other words, the glove links allow full flexion and extension in all joints. Furthermore, this mechanism does not have any limit in adduction/ abduction direction since movement in these directions will not affect the cable length change. Thus, the SAFER glove can provide adequate degrees-of-freedom and sufficient workspace for the operator's hand.
The whole system weighs 430 g. This includes the glove skeleton and mechanism, battery, actuator unit, control system, and wireless module. Besides being lightweight and a self-contained actuator system, the SAFER glove is also highly portable and capable of wireless operation. Three rotational sensors located on each finger provide accurate joint angle data to calculate the finger position. Force sensors and a shunt circuit for measuring the motor current are also integrated into the mechanism. Thus, for each finger, three joint angles and torque/force measurements are available in a highly compact package for feedback control and for data collection with no need for an additional glove or measurement equipment.
The main advantages of the SAFER glove are listed as follows: (1) the system is lightweight, which reduces user fatigue. Wireless communication capability with a PC or a mobile robot makes the system highly portable; (2) the mechanical design is compact and designed such that it does not limit the natural range of motion of human fingers; (3) the system can accurately measure the hand kinematics and provide force-feedback information; (4) the SAFER glove is low in production cost making it applicable to large-scale production to address the needs of large number of rehabilitation patients; and (5) the system is safe and can run for over 1 hr of continuous operation.
Learning
System for Finger Motion/Force. The learning procedure is used to actuate/assist the patient's hand in order to reproduce similar grasping motions as recorded in the demonstration phase. It should be noted that data are different across demonstration trials due to slightly different initial positions, speed, joint angles, etc. Therefore, the grasp should be modeled from the demonstration data to generalize across multiple stored trials. In this section, a statistical modeling approach is used to train a learning model with the human demonstration data, so that the SAFER glove can learn the high dimensional motion and force pattern from human hand functions. The motion and force data can be treated as a high dimensional time series. The sequences of multiple subjects performing similar activities vary slightly in terms of the magnitude and velocity of the motions. DTW is well known as a temporal alignment technique to find an optimal alignment of multiple time series. Intuitively, the sequences are warped nonlinearly to match each other. DTW has been widely used in the field of machine learning, such as in speech recognition, activity recognition, and synthesis of human motion for animation. A typical DTW method is applied here that uses an optimization approach to find the optimal alignment of the data sequence to a reference sequence. This method minimizes the sum of squares of the vertical distance between the reference sequence and the aligned sequence. Figure 7 shows sample DTW results after aligning motion data [27] .
This statistical modeling approach is used to encode human behavior while taking into consideration the variance existing among multiple trials and subjects (for the same behavior). Given a data set n j ¼ fn j;t ; n j;m ; n j;f g N j¼1 of human demonstration (where N is the number of observations, n j;t is the time stamp, n j;m 2 < D is the D-vector of motion sequence, D is the number of joints, and n j;f 2 < 3 is the force vector), the data set can be represented by a probabilistic model, the GMM, which is a mixture of K Gaussian distributions. The mixture component was defined by K ¼ 3 because the grasping process was segmented into three major states including: (i) grasp the object, (ii) lift and place back the object, and (iii) release the object. 
Learning Result Mapping to a Passive
Hand. For a given joint probability distribution pðn t ; n m Þ and pðn t ; n f Þ of the dataset modeled by the GMM, the GMR computes a generalized trajectory by estimating E½pðn m jn t Þ and E½pðn f jn t Þ, thus retrieving a motion point and a force point at each time step n t .
Subsequently, the glove is controlled to follow these motion and force trajectories by generating the grasping patterns in playback fashion to actuate/assist a wooden (or diseased) hand to accomplish these movements. The glove adapts a hybrid motion and force controller to ensure that the fingers of the user's hand keep contact with the object with a certain force, based on the GMR. In this system, only the normal force is controlled due to the limitation of the FSR sensor used.
Training Rehabilitation With a 3D GUI.
The developed GUI provides both force and motion information of the hand for the user and hand therapist to view, and a virtual-reality environment to interact with the glove system for the purpose of hand rehabilitation exercising.
Haptic gloves are used both to mediate the user's input into the 3D GUI simulation and to provide feedback from the simulation in response to this input. Thus, the haptic glove has both sensory and display channels.
During virtual-reality hand exercising, the haptic glove contact surfaces transmit important sensory information that helps users grasp and manipulate virtual objects in the environment. When added to 3D visual feedback, haptic feedback greatly improves simulation realism [9, 31] . Wires from each encoder are routed through the finger links and then connected to the main controller. The length of the connection cables and the connections is optimized to minimize the resistive losses since the sensors produce an analog signal. Sampling of the tracking information is done using an AD multiplexer and a 12-bit AD converter on the main controller at more than 1000 Hz.
The dimensions of each link segment are known a priori and used by the direct kinematics computational model stored in the controller. This model allows the determination of the position and orientation of each fingertip relative to the palm, based on the real-time position readings of the encoder sensors.
The method of using encoders and links to track the finger positions has advantages in comparison to other tracking systems. Our method is simpler and more user friendly. Its accuracy is fairly constant over the whole finger workspace and depends essentially on the resolution of the encoder sensors used. Unlike electromagnetic tracking systems, our method is not influenced by interferences with metallic structures or magnetic fields that may exist in the design. Furthermore, the encoder tracking method has very low jitter and the lowest latency of all tracking types. 
Measurement of Finger Forces.
FSR are used to measure the contact force between the fingertip and the object and the force between the glove and the user's hand. The FSR on the SAFER glove are robust polymer thick film devices that exhibit a decrease in resistance with an increase in force when applied to its surface. They are of high performance and are low in cost. The force sensitivity is optimized for use for human touch control and the actuation force is as low as 0.1 N with a sensitivity range of 10 N.
Recording Free Motion During Demonstration.
The ability to perform free motion is a basic evaluation criterion of haptic devices [32] . The haptic glove's user should be able to move his/her fingers freely without feeling resistance or inertia from the glove during free motion mode (i.e., the state with zero force input). The resistance and inertia should be compensated for via a real-time control algorithm (flowchart shown in Fig. 8 ) based on the force and position sensors input. It was determined that the force between the glove and the finger should be as small as possible in free motion. If the device is controlled and the force set to zero, the glove will follow the movement of the user's fingers. Thus, the user cannot feel the resistance force.
An experiment that evaluates this free motion was established to demonstrate the effectiveness of friction compensation in the control algorithm. In this experiment, four male and one female subjects were asked to wear the glove prototype and to move all fingers in close/open maneuvers, in two different modes: without cabling and with cabling. In the "without cabling" mode, all the actuation cables were removed. Without the friction, the fingers' mechanisms move easily even under a small external force. The "with cabling" mode is the normal glove mechanism system with the cables installed and force feedback enabled. In this second mode, the control algorithm actively positions the actuators to ensure that the glove mechanism tracks the fingers' movement.
In both modes, each user was asked to repeat two close-open hand maneuvers five times in approximately 3 s. The 15 joint angle sensors of the glove measured the joints angles at a sampling frequency of 300 Hz. Before recording the data, each user spent several minutes to get used to the system.
The graphical results for two close/open maneuvers acquired by the first user's index finger in test no. 1 are reported herein as a representative example of the total test results. Five parameters are displayed for the two modes in Figs. 9 and 10: the three measured joint angle trajectories, the contact force, and the actuator current (note that the actuator current is not applicable to the without cabling mode because the motor is not used). In each test, the user took about 1 s for one full close/open maneuver. At this speed, the maximum contact forces were approximately 200 mN in the without cable mode and 100 mN in the with cable mode. This result shows that the mechanism's internal resistance can be effectively compensated by the control algorithm. The testing tasks involved grasping and lifting an empty bottle, grasping and lifting a bottle full of liquid (500 g), squeezing a tennis ball, and holding a marker pen as if preparing to write (Fig.  11 ). Participants were then asked to repeat each task three times in about 5-10 s after getting comfortable wearing the SAFER glove. In this test, the glove was controlled to track the finger movement by minimizing the force between the finger and the glove throughout the motion. Figure 12 shows a representative example of the test results of the demonstration for grasping force read from the index finger when grasping a bottle of liquid [27] . The GMM model of the force and motion dataset during 36 trials (12 users, 3 trials per person) of grasping demonstration is shown in Fig. 13 . Since the grasping process naturally has three major states, the number of major mixture components is selected to be three. These are listed as: grasp the object, lift and place back the object, and release the object. The other two "minor" Gaussians shown in Fig. 13 relate to the beginning and ending points where the hand is idle. Figure 14 shows the generated GMR trajectories, which work as input signals to the controller module of the SAFER glove [27] .
Passive Hand Actuation Experiment.
In this experiment, the SAFER glove is attached to a passive wooden hand (Fig. 15 ) that does not produce any reactive forces by itself. Figure 16 displays snapshots of the wooden hand executing manipulation tasks. The wooden hand cannot pick up a pen, and the results of the empty bottle are similar to those of the full bottle, so these two experiments are not shown here. Figure 18 shows the actual force trajectories of the glove applied for grasping different objects. In the first stage, the wooden hand is rotated by the glove until the fingers contact the object, and the contact force remains at a small value (almost zero). Then, the wooden hand grasps and picks up the object, while the controller generates appropriate contact force. The wooden hand releases the object in the last stage.
Hand Motion Assistance Experiment.
In this experiment, some of the movement patterns shown in Fig. 4 were generated in a playback fashion to assist a "weakened" hand in order to accomplish these movements. Since the subjects had healthy hands, they were asked to passively follow the glove movement without applying any active force. The glove was programed to actively drive the user's fingers to follow the force trajectory from the learned data. Figure 17 shows sample snapshots of assisting hand motion for grasping a tennis ball. The index finger force results during this test are shown in Fig. 18 . The other fingers' motions have similar results. Figure 19 displays similar pattern of fingertip trajectories and contact force between the finger and object, which demonstrate that the glove was controlled smoothly and effectively. It can be seen from Fig. 19(b) that the force between the finger and the glove that is used to drive the hand motion is larger than the force between the finger and the object. This result demonstrates that the glove is driving the hand as intended. More details on the experiments are available in Ref. [27] .
Conclusions
This paper presented the design evolution and sample application of the SAFER glove in hand rehabilitation. A new graspinglearning system was proposed that is designed to record kinematic Fig. 18 The force results (index finger) recorded from the glove grasping the objects from Fig. 16 and force information of normally functioning hands, process this data, and playback these motions to assist grasping movements, such as grasping a bottle of water for users with weak or impaired hands. The fingertip forces, modeled with a GMM-based machine learning approach, are measured by the SAFER glove. The learned force distributions are then used to generate fingertip force trajectories with a GMR approach. A wooden hand was fitted with the SAFER glove to demonstrate its ability to manipulate the hand and to grasp various objects. Instead of defining a grasping force, force trajectories were used to control the SAFER glove and to actuate/assist finger movements. To further demonstrate that the hand can be driven solely by this haptic mechanism, force sensor readings placed between each finger and the mechanism are presented. These experimental results validate the potential of the proposed system in future hand rehabilitation therapy.
Future work will further improve the learning system with additional experiments involving the use of the glove on healthy hands. Future work will include: (1) developing 3D tracking of the hand-glove system; (2) sensing the hand's intention to move as a means to autonomously activate the glove mechanism; and (3) performing "multiple device cooperation" such as synchronizing the motion of left and right SAFER gloves to assist both hands to use a fork and knife at the same time, for example.
